The accuracy and reproducibility of the optic nerve head analyser (ONHA) and the Heidelberg retina tomograph (HRT) were compared and the performance of the HRT in measuring fundus elevations was evaluated. The 
scanning tomograph.9-1' Neither of these studies, however, compare the reproducibility of the ONHA to the reproducibility of the HRT. Reports about the accuracy of the HRT are still missing.
The HRT is capable of measuring fundus elevations such as naevi or macular oedema. Data about the accuracy and reproducibility of the HRT in measuring elevations are still missing. We provide such data and furthermore determined and compared the reproducibility of the ONHA and the HRT in a model eye and in volunteers and calculated their relative error using a model eye.
Materials and methods

INSTRUMENTATION
We used the ONHA of Rodenstock Instruments, Germany with updated software ('ONHA plus'). Details of the instrument have been published elsewhere.2 3 The ONHA records stereoscopic video images after projecting a set of stripes on the papilla. The displacement of the stripes permits the calculation of a contour map of the surface of the disc area. The operator selects four cardinal locations ofthe disc margin which is projected onto the computer monitor, and the computer calculates an ellipse as the disc margin. The plane which is 150 [im below the reference plane of the disc margin is defined as the 'cup area'. The rim area is the difference between the total disc area and the cup area. The 'cup volume' specifies the volume beneath a retinal reference plane. The latter is defined by the average topography of the peripapillary area.
A reliable method for the detection of early and progressive optic nerve head damage is essential in the monitoring and treatment of patients with glaucoma. Until recently, the reproducibility and accuracy of automatic analysis of the optic disc were not completely satisfying. '`T he latest instrument for the topographic analysis of the papilla is the Heidelberg retina tomograph (HRT). We wanted to compare Figure 2 Model eye. The model eye consisted oftwo cylinders. The smaller cylinder (on the left) could slide into the larger one and consisted ofan orange artificial retina with a hole into which artificial papillae could be inserted. The larger cylinder was equipped with a +20D lens.
We took the HRT of Heidelberg Engineering, Germany for comparison with the ONHA. The HRT is an updated version of the former laser scanning tomograph (Heidelberg Instruments, Germany). Details of the HRT confocal image acquisition and processing have been described elsewhere."' The confocal optical system permits detection of light that is reflected from a very thin optical plane, the focal plane, whereas it suppresses light that is scattered or deflected from outside the optical plane. By moving the focus posteriorly the camera of the HRT registers 32 stacked focal planes (Fig 1) and the computer calculates a three dimensional image of the papilla. Each of the 32 focal planes is scanned by means of a system of mirrors which deflects the laser beam and at the same time permits incoming light to reach a detector. The HRT places one of the focal planes, the main focal plane, on the retina. The main focal plane is a reference plane that is defined to have zero height. Elevations and depressions of the fundus are related to this reference plane.
A colour coded topographic map that is projected on the computer screen permits the operator to draw a contour line around the disc. The mean height of the contour line with regard to the main focal plane is calculated. The 'volume below contour' is the volume below a reference plane that is perpendicular to the optical axis at a height location that equals the mean height of the contour line. An irregular surface the boundary of which possesses the height of the contour line, and the centre of which has the mean height of the contour line, is chosen as a reference plane for the calculation of the parameter 'volume below surface' and 'volume above surface'. We used both parameters in our study. The computer constructs a plane which is perpendicular to the main focal plane and runs through a point which has the mean height of the contour line for the calculation of the The definition of the relative error was the same as the one used by Dreher."4 As we wanted to calculate the pooled relative error of the measurements of the various artificial papillae and elevations we decided to use the absolute values of the relative error -that is, pooled relative error= 1/n*X abs (relative error), where n=number of artificial papillae or elevations, respectively. The pooled relative error has the advantage of being one single parameter for the description of the performance of the ONHA or HRT, respectively. Its disadvantages (the disguise of the range of the relative errors and of outliers) are overcome by always noting the pooled relative errors and their range.
The coefficient of variation was defined as:
standard deviation of the measured values mean of the measured values
We used the coefficient of variation as a measure of reproducibility. The coefficient of variation is calculated with the mean value of the repeated measurements in the denominator. So, the smaller the mean values are, the smaller the denominator and the higher the coefficient of variation is. Although we know about the problems of using the coefficient ofvariation as means of quantifying the reproducibility we neverthe- less used it for two reasons. Firstly, it is a straightforward parameter. Secondly, we used it to be able to compare our results to other investigators.
The relative errors and standard deviations of ONHA and HRT were compared by using the Wilcoxon signed rank test. As there are no reports about the distribution of cup area and cup volume data it seems appropriate to use a non-parametric statistical test such as the Wilcoxon signed rank test. There is, of course, some loss of information but this is more acceptable than using statistical tests which are based on assumptions that have not yet been verified (such as a normal distribution). Figure 4 shows the ONHA computer monitor displaying the topographic map of the artificial papilla No 3 (see also Fig 3) . The No 3 artificial papilla was a cylinder. Cross sectional profiles through the cylinder at locations as indicated on the left side of the computer screen are plotted on the right side. The 'excavation' was correctly found to be cylindrical. The edges were not registered to be as sharp as they really were. There was not much electronic noise. Similar results were found in the other artificial papillae.
The accuracy was quantified comparing the measured cup area and cup volume with the real ones of the model eye. The ONHA values (Table  1) differed from the theoretical ones by -17-2 to 9-4% (pooled relative error 6-6%). The relative error of the parameter 'cup volume' ranged from -107 to 19% with a pooled relative error of 5 I1% (Table 2 ).
Reproducibility
The coefficient of variation of three repeated measurements of the parameter 'cup area' was in the range of 1-3% to 24-5% (mean 7 6%) in the model eye (Table 1 ). The coefficient of variation of the parameter 'cup volume' ranged from 2-9% to 17'I% (mean 9 9%, Table 2 ).
In volunteers the coefficient of variation of the 'cup area' ranged from 0075% to 39-2% with a mean of 9 3% (Table 3 ). The coefficient of variation of the 'cup volume' ranged from 1 -8% to 24-4% with a mean of 8-4% (Table 4) .
There were two outliers ( Figure 5 displays the profiles of the artificial papillae and elevations along their horizontal axis as they were recorded by the HRT. The contours of the artificial papillae were scanned correctly. The edges were registered to be sharp. Their boundaries were registered to be straight lines without much electronic noise.
The relative error was quantified comparing the parameter 'volume below contour' ('volume below surface') as measured by the HRT with the theoretical value in the model eye. The HRT values of the volume below contour (Table 5) differed from the theoretical ones by -6 4 to 25-5% with a pooled relative error of 11-3% (volume below surface: -9-9 to 25%, pooled relative error 11 -0%, Table 6 ).
The accuracy in measuring elevations ranged from -9 3 to 2 3 with a pooled relative error of 3-8% (Table 7) . tAfter adjusting to Gullstrand's normal eye.
The coefficient of variation of the parameter 'volume below contour' of three repeated measurements was in the range of 0 5% to 9-6% (mean 2 4%) in the model eye (Table 5 ). In volunteers the coefficient of variation ranged from 3-2% to 12-3% with a mean of 6'9% (Table 8 ).
The standard deviation of the parameter 'volume below surface' (Table 6 ) ranged from 0 4% to 22-6% (mean 4' 1%) in the model eye. In volunteers it ranged from 2-7% to 18' 1% with a mean of 6-9% (Table 9 ).
The coefficient of variation of the parameter 'volume above surface' (Table 7) In volunteers, the volumes ofthe two machines differed significantly in several cases (for example, Nos 1, 4, 5, 7) although the reproducibility of both instruments was comparable and reasonable in all these cases.
It cannot be said that both machines performed badly in the same volunteer. In case 11 the ONHA coefficient of variation was worse than the HRT coefficient of variation whereas in case 2 the ONHA performed as badly as the HRT.
Discussion
We used a model eye for the evaluation of the accuracy of the ONHA and the HRT. Our model eye differed from Gullstrand's model eye which made a mathematical adjustment necessary.
Gullstrand's eye is not easy to build and many mistakes are possible when constructing such a delicate piece of optics. Therefore we thought it more apt to use an easy to construct model eye. Our results show that our model eye and mathe- - 'cup area') we found was comparable with his data.
There are no detailed reports about the accuracy of the HRT yet, although Weinreb and Dreher9 '4 provide some data for the laser scanning tomograph, the predecessor of the HRT. Weinreb9 measured an accuracy of 0 3 to 31% for the one dimensional parameter 'cup diameter' in a phakic model eye. Dreher'4 found the accuracy to be 2-0% for areas and 11-7% for depth measurements. He did not mention any accuracies for the most interesting parameter 'volume below contour (surface)'. So, our 1l 3% (11 0%) Recently, the HRT has been shown to be able to be used for image analysis even in patients with cataract.25 This is not possible with the ONHA. Furthermore, the HRT is able to quantify elevations, which also is not possible with the (no longer produced) ONHA.
The introduction of the HRT should been seen as significant progress when compared with the ONHA in the quantification of glaucomatous cupping and fundus elevations, and it is an easy to use and reliable machine.
